We present observations of the infrared radiative cooling by carbon dioxide (CO 2 ) and 18 nitric oxide (NO) in Earth's thermosphere. These data have been taken over a period of 7 years 19 by the SABER instrument on the NASA TIMED satellite and are the dominant radiative cooling 20 mechanisms for the thermosphere. From the SABER observations we derive vertical profiles of 21 radiative cooling rates (W m -3 ), radiative fluxes (W m -2 ), and radiated power (W). In the period 22
month averages cover locally two months during winter, two months during fall, one month 1 during spring, and one month during summer. There is no obvious discontinuity in the cooling 2 rates and fluxes shown in the figures below and we believe the results are substantially 3 representative of the annual behavior, although comparisons with models are required to verify 4 this assertion. More than 50,000 individual cooling rate profiles are observed in a 6-month period 5 poleward of 55 degrees. 6
The derivation of the infrared radiative cooling rates (W m -3 ) is accomplished by 7 different techniques for the NO and CO 2 emissions owing to the different opacities of these 8 molecules in the limb view, and to account for the different physical processes that result in 9 emission and cooling of the atmosphere by these molecules. To further study the energy balance 10 we vertically integrate each profile of radiative cooling to obtain the flux (W m -2 ) of energy 11 exiting the thermosphere. The fluxes are then zonally integrated to provide an estimate of the 12 equator-to-pole distribution of radiative cooling which is central to the large-scale atmospheric 13 circulation. The fluxes are then integrated with respect to area around a latitude circle, and then, 14 from pole-to-pole, to estimate the total power (W) radiated each day by the thermosphere. These 15 analysis procedures with SABER data are given in Mlynczak et al., [2005 Mlynczak et al., [ , 2007a . We will 16 review these here since there are fundamental differences in the approaches for analyzing the 17 (more) optically thick 15-μm band of CO 2 and the optically thin 5.3 μm band of NO. 18
NO(υ) at 5.3 μm 19
Infrared emission from NO is a substantial cooling mechanism throughout the 20 thermosphere. Due to the low atmospheric density, the vibration-rotation bands of the NO 21 molecule depart from local thermodynamic equilibrium (LTE) [e.g., Funke and López -Puertas, 22 2000 ]. The NO vibrational states are excited primarily by collisions with atomic oxygen with a 23 rate coefficient of 4.2 x 10 -11 exp (-2700/T) cm 3 s -1 [Hwang et al., 2003] , where T is the kinetic 1 temperature. By comparison, excitation by the absorption of terrestrial radiation is several orders 2 of magnitude smaller. Nitric oxide is also formed through a series of chemical reactions that 3 excite high-lying vibration-rotation bands especially during geomagnetic storms. These have 4 been observed near 195 km by the CIRRIS-1A instrument that flew on the Space Shuttle [Dothe 5 et al., 2002; Sharma et al., 1996] . 6
The approach to deriving the NO cooling rates from SABER observations has been 7 discussed by Mlynczak et al. [2005] , and is reviewed here. The emission from nitric oxide is in 8 the weak line limit of radiative transfer. The equation of radiative transfer describing a transition 9 in the weak line limit is given in the limb view by the expression: 10
where R(H o ) is the measured spectrally integrated radiance (W m -2 sr -1 ) at tangent altitude H o , h 12 is Planck's constant, c the speed of light, ν the frequency of the transition (wavenumbers, cm -1 ), 13 V(x) is the volume emission rate of photons at the tangent altitude, and dx is a path element 14 along the limb line of sight. An Abel or geometric inversion may be applied to the measured 15 radiance profile, assuming spherical symmetry about the tangent point, yielding a vertical profile 16 of the rate of emission of energy per unit volume (W m -3 ). For optically thin transitions such as 17 those of NO, the energy escapes the thermosphere completely: half of the energy is emitted to 18 space, half to the atmosphere below. 19
As the SABER instrument is a filter radiometer, the initial result from the Abel inversion 20 process is a cooling/emission rate that is weighted by the filter bandpass of the instrument. To 21 obtain the total rate of emission, a correction factor is applied to the measured in-band emission 22 rate to obtain the emission rate for the entire band. The correction factor varies substantially with 23 altitude for NO and has been computed from extensive model calculations discussed in Mlynczak 1 et al. [2005] . The correction factor was verified through observations of NO spectra made by the 2 MIPAS instrument [Gardner et al., 2006 ] on the EnviSat satellite. Surprisingly, Mlynczak et al. 3 [2005] found relatively small variation in this correction ("unfilter") factor from quiescent to 4 geomagnetically disturbed conditions. 5
In the results presented below we treat the entire emission from NO as cooling the 6 atmosphere. Terrestrial ("earthshine") emission is insignificant as an excitation mechanism of 7 nitric oxide vibrations, relative to collisions with atomic oxygen. The results from Dothe et al. 8 [2002] indicate that emission from high-lying NO vibrational levels is still well below that of the 9 fundamental (υ = 1 to υ = 0) band. The correction factor applied to the SABER measured in-10 band emission rate accounts for out-of-band contributions of the 2-1 and 3-2 vibrational states as 11 well. Potential refinements to this process will be discussed in Section 5. 12
CO 2 (ν 2 ) at 15 μm 13
In this section we outline the method to compute the cooling rates for the CO 2 15 μm ν 2 14 fundamental band transition, with upper state designation CO 2 (01 1 0). Later in the paper we will 15 examine the role of cooling by the first hot band in this mode, i.e., the CO 2 (02 2 0 → 01 1 0) 16 transition. Above 100 km, the CO 2 15µm fundamental band is not exactly optically thin, but 17 neither is it very optically thick. Because of this, derivation of the cooling rates for the CO 2 18 molecule is not as straightforward as for NO. Specifically, the absence of true weak line radiative 19 transfer precludes application of an Abel or geometric inversion to simply derive a 20 cooling/emission rate profile. In addition, radiative exchange with other layers of the atmosphere 21 occurs, although absorption of radiation from the lower atmosphere is relatively small [López-cooling of the atmosphere. In addition, due to the opacity, not all emission escapes to space or 1 the atmosphere below, unlike NO. We must therefore employ a technique to compute the true 2 cooling of the atmosphere given these constraints. 3
The SABER experiment measures emission in the ν 2 bending mode of CO 2 at 15 μm for 4 the purpose of retrieving the kinetic temperature of the atmosphere. The 15 μm bands are also 5 responsible for the radiative cooling of the atmosphere. As with NO, the vibration-rotation bands 6 of carbon dioxide depart from local thermodynamic equilibrium (LTE) in the upper mesosphere 7 and thermosphere. The SABER temperature derivation includes detailed modeling of the 8 collisional and radiative processes that drive the observed transitions from LTE [Mertens et al., 9 2001 ]. Specifically, the Curtis matrix approach [López-Puertas et al., 1986a, b] is employed in 10 the SABER non-LTE modeling and temperature derivation process and directly yields the 11 infrared radiative cooling rates in Kelvin per day. These cooling rates computed at each iteration 12 step are output and stored as standard data products upon convergence of the temperature 13 retrieval. 14 To derive the local rate ∂Q/∂t of radiative cooling in W m -3 for CO 2 at a given altitude we 15 apply the first law of thermodynamics: 16 In Equation 3, R is the gas constant. This approach to computing cooling rates and fluxes was 21 successfully applied in the stratosphere by Mlynczak et al., [1998.] In our present analyses the pressure, temperature, and ∂T/∂t are obtained from the SABER v1.07 dataset. Although the 1 effect is small, we also include the variation of the ratio C p /R with altitude to be consistent with 2 that used in the SABER data processing, thus accounting for the effects of atomic oxygen on C p . 3 This decrease is concurrent with the declining phase of solar cycle 23. At the altitude of the 20 cooling rate peak poleward of 60 degrees, the cooling rates decrease by a factor of ~4.5. The 21 cooling rate is observed to decrease throughout the entire range from 100 to 200 km over the 7 22 years of observations. By 2008 there is very little emission observed by SABER above 180 km. 23
Results
For carbon dioxide we find a different picture of cooling rates in the plots shown in 1 Figure 2 . Whereas the NO cooling rates showed a clear equator-to-pole enhancement throughout 2 the thermosphere, CO 2 exhibits a relatively small gradient in equator to pole cooling above 105 3 km. Below 105 km there is evidence of strong cooling near the poles and also at the equator. The 4 equatorial enhancement in CO 2 cooling is visible in all 7 years of data. Similar to the NO 5 cooling, a decrease in the strength of the CO 2 cooling over the 7 years is also visible in Figure 2 sensitivity of the NO emission is substantially larger than for CO 2 . The strength of radiative 10 cooling is proportional to exp (ΔE/k B T) where ΔE is the photon energy, k B is Boltzmann's 11 constant, and T is the kinetic temperature. Since ΔE for NO is about 2.8 times larger than for 12 CO 2 , NO emission has a substantially larger sensitivity to a specific change in temperature. 13 Decreases in atomic oxygen over the solar cycle also contribute to the decline in infrared cooling 14 from both molecules. 15
The NO cooling will also be affected directly by a decrease in the NO density that would 16 be expected to occur during the declining phase of the solar cycle, while the CO 2 concentration 17 has only a small anticipated source due to continued anthropogenic buildup and virtually no 18 known sinks that are due to the solar cycle. Thus the larger observed changes in NO cooling as 19 compared with CO 2 are due to a combination of a larger sensitivity of the emission to 20 temperature and to an overall decrease in the NO abundance. The influence of solar cycle on 21 radiative cooling is best shown in Figures 3a and 3b which depict the annual, global average 22 cooling in 2002 through 2008, for NO and CO 2 , respectively. For NO in Figure 3a we have 23 extended the plot up to 250 km altitude, illustrating the extent of nitric oxide emission during 1 solar maximum (and also the sensitivity of the SABER instrument.) The NO cooling shows a 2 continued and marked decrease for each year in the sequence. The largest decrease is in the 3 global average cooling by nitric oxide, approximately a factor of ~6.5 at the peak. In contrast, the 4 CO 2 cooling has decreased by about 35% over the solar cycle. The smaller sensitivity of the CO 2 5 cooling to the solar cycle is due to the fact that the CO 2 emissions originate in the lower (more 6 dense) atmosphere, to the smaller sensitivity of the CO 2 emission to temperature changes, and to 7 a lack of sinks of CO 2 abundance. 8
Fluxes of Exiting Longwave Radiation 9
The next step in the process of assessing the radiative cooling is to integrate vertically the 10 cooling rate profiles and obtain the flux of longwave radiation that exits the thermosphere. We 11 choose to call this the 'exiting' longwave radiation (ELR) in analogy to the 'outgoing' longwave in the ELR for CO 2 is much less than that for NO, on a percentage basis. As with the NO 9 emission, the CO 2 ELR is always largest in polar regions, reflecting the high latitude 10 enhancements in CO 2 cooling shown in Figure 2 in the lower thermosphere. The tropical 11 enhancement in cooling by CO 2 shown in Figure 2 also decreases at the pole, but there is still substantial cooling, although over a reduced area, in 16 2008. 17
Zonal Mean Fluxes of Exiting Longwave Radiation 18
Next we zonally average the ELR for NO and CO 2 shown in Figures 4 through 7 to 19 display the annual average ELR as a function of latitude. In Figures 8 and 9 we show the annual 20 average ELR for each year 2002 through 2008 for NO and CO 2 , respectively. The ELR is plotted 21 versus the sine of latitude so that the abscissa is proportional to atmospheric area. A second feature that stands out upon examination of Figures 8 and 9 , and which is 9
hinted at in Figures 1 and 2 , is that the equator-to-pole gradient of the ELR is different for NO 10 and CO 2 , with the gradient for NO being larger than for CO 2 . The equator-to-pole gradient of net 11 heating (solar heating minus radiative cooling) of the atmosphere is a major factor that drives the 12 large-scale circulation of the thermosphere, and the atmosphere in general. The fact that the 13 gradient is larger in NO and becomes lesser over the solar cycle as both temperature and the NO 14 abundance decrease implies a potential link between chemistry, dynamics, and radiation 15 governed by the abundance of NO. 16
Shown in Figure 10 is the zonally averaged ELR for the sum of NO and CO 2 . As shown 17 for the individual ELR terms, the combined ELR is larger in all years at high latitudes than at 18 low latitudes in both hemispheres. Because the ELR is the vertically integrated radiative cooling 19 rate, the results illustrated in Figure 9 demonstrate that the high latitude and polar thermosphere 20 is cooled more strongly by infrared radiation than at low and tropical latitudes. This result is 21 fundamental. Larger radiative cooling at high latitudes than at low latitudes is known to exist in 22 the mesosphere [Mlynczak, 2000] and the stratosphere [Mlynczak et al., 1998 ]. However, in the 23 troposphere, the opposite is true, i.e., the outgoing longwave radiation is larger at the equator 1 than at the poles [VonderHaar and Suomi, 1969] . The results of this and previous studies show 2 that the upper atmosphere cools in a fundamentally different manner than the troposphere. 3
Another property of the ELR evident from Figures 10 is that in addition to the general 4 decrease in ELR over the 7 years of data, the equator-to-pole gradient of radiative cooling has 5 weakened substantially over this time period. While the decrease in ELR implies that the 6 thermosphere has cooled, and in the case of NO, that the abundance of NO has also likely 7 decreased, the weakening of the equator-to-pole gradient of cooling implies that the large-scale 8 dynamics may have also weakened considerably during this time. These infrared emissions thus 9 provide solid evidence as to changes in the thermal structure, photochemistry, and dynamics of 10 the thermosphere, and hint strongly at a coupling between NO chemistry and the large-scale 11 dynamics and transport in the thermosphere. 12
Global Radiative Power 13
The last parameter that we will calculate is the global radiative power (Watts) emitted by 14 CO 2 and NO. These have been previously been shown by Mlynczak et al. [2007b Mlynczak et al. [ , 2008 in 15 examining long and short term variations in the energy balance of the thermosphere. We obtain 16 the total global power by zonally integrating the fluxes of ELR shown above, and then 17 integrating the power in each latitude bin from pole-to-pole. To compute the power poleward of 18 55 degrees in the hemisphere not being observed, we follow Mlynczak et al. [2005] in assuming 19 the ratio of the power between the equator and 55 degrees latitude and between 55 degrees 20 latitude and the pole is the same in both hemispheres. This process provides a measure of the 21 total global power radiated by NO and CO 2 on a daily basis. The power for the full 7 years of 22 data is shown in Figure 11 . What is evident is the overall decline of radiated power consistent 23 with the declining phase of solar cycle 23. In addition there is substantial short-term variability in 1 both the NO and CO 2 emissions, that has previously been linked to geomagnetic phenomena 2 [Mlynczak et al., 2008] . Large increases in radiative power associated with extreme geomagnetic 3 events (e.g., the October 2003 Halloween superstorm event) are evident. In addition, in 2008, the 4 values of NO power reach very low values, nearly a factor of 10 lower (when averaged over a 5 60-day yaw cycle) than at the beginning of the mission. During 2008 the Sun exhibited no 6 sunspots for over 200 days. We suggest that the SABER data over this time period offer an 7 excellent resource for studying the influence of the Sun on the climate of the upper atmosphere. 8
The CO 2 cooling rates, fluxes of ELR, and radiative power shown above are all computed 9
for the fundamental band of the CO 2 molecule. In the SABER temperature retrieval process more 10 than 20 vibration-rotation bands (including isotopic bands) are considered and the non-LTE 11 problem is solved for each band, including cooling rates in Kelvin per day. To verify that the 12 fundamental band dominates the CO 2 cooling we also computed cooling rates (W m -3 ), fluxes of 13 ELR, and radiated power (W) for the first hot band of the CO 2 bending mode. Shown in Figure  14 12 is a time series of the power radiated by the CO 2 fundamental and first hot bands. It is clear 15 from this figure that the fundamental band dominates the CO 2 15 μm thermospheric cooling and 16 that the first hot band is about 3.5% of the fundamental band emission. However, the decrease in 17 NO emission over the solar cycle is such that, between 100 and 200 km, the radiated power from 18 the first hot band of CO 2 rivals that of NO in 2008, on an annual average basis, although the 19 emissions do peak in substantially different regions of the atmosphere. Table 1 lists the annual 20 average power for CO 2 
(fundamental and first hot bands) and NO for the 2002 through 2008
A key question in the analysis and derivation of the CO 2 cooling rates in W m -3 is the 1 extent to which the results are sensitive to the non-LTE processes and the modeling of these 2 processes in the SABER temperature, pressure, and cooling rate (K/day) derivation in the 3 operational SABER data processing algorithms. We demonstrate that the derived cooling rates, 4 in W m -3 , as a function of altitude, are essentially insensitive to the non-LTE parameters in the 5 SABER algorithms, because the rate of emission is essentially constrained by the SABER 6 radiance measurements. Furthermore, the ELR fluxes and radiated power are similarly 7 insensitive since they are derived directly from the cooling rate in W m -3 . 8
The primary process by which CO 2 cools the atmosphere, analogous to NO, is by 9 radiative emission subsequent to collisional excitation by an oxygen atom. In 1970 P. Crutzen 10 postulated that this process would be important in cooling the thermosphere, and since that time, With these provisions, temperature is retrieved and constrained by the measured radiance at 15 2 μm by the SABER instrument [Mertens et al., 2001] . 3
To assess the effect the O/CO 2 rate coefficient on the derived cooling rates in W m -3 from 4 CO 2 , we ran 7 complete days of the v1.07 operational SABER algorithm in which we reduced 5 the rate coefficient by a factor of 4 uniformly at all altitudes. This is also equivalent, in the non-6 LTE modeling, to varying the atomic oxygen concentration by a factor of 4, or the product of 7 atomic oxygen and the rate coefficient by a factor of 4. We computed the cooling rates (W m -3 ), 8
ELR fluxes (W m -2 ) and power (W) for each of the test days and compared with the original 9 values. The results showed that the cooling rates (W m -3 ), fluxes, and power did not show much 10 variation despite a huge variation in the key non-LTE rate coefficient. There are large changes in 11 temperature, pressure, density, and cooling rates in Kelvin per day, but not in the cooling rate in 12 W m -3 . An example is shown in Figure 13 . 13
The explanation for the relative insensitivity of the cooling rate (W m -3 ) is that decreasing 14 the O/CO 2 rate coefficient results in a decrease in the population of excited CO 2 molecules in the 15 algorithm. However, the SABER algorithm must compensate to match the measured radiance. It 16 does this primarily by increasing the temperature and pressure. An increase in temperature 17 increases the population of vibrationally excited CO 2 molecules by the Boltzmann factor as a 18 consequence of detailed balance. The algorithm thus works to provide the correct number of 19 excited CO 2 molecules to create the emission rate necessary to match the measured radiance. 20
Thus, the cooling from CO 2 in W m -3 is essentially unchanged. Our approach is found to be quite 21 robust and in fact provides the cooling rates (in W m -3 ) essentially independent of the non-LTE 22 model parameters used to produce the SABER data products. The previously mentioned fact that 23 radiative excitation from the lower atmosphere is not very large also contributes to this result. 1
We note the NO cooling rates in W m -3 are also derived independent of any modeled non-LTE 2 processes by virtue of the weak line inversion and because the NO emission is essentially 3 generated solely by collisions with atomic oxygen. 4
The relative insensitivity to non-LTE processes of the derived cooling rates in W m -3 5 presented here is a substantial result. The accuracy of the derived cooling rates is then tied 6 directly to the absolute calibration of the SABER instrument through the measured radiances. 7
The cooling rates also represent a data set that can be used to test directly cooling rate 8 parameterizations in upper atmosphere general circulation models [e.g., Qian et al., 2009 ]. The 9 model parameterizations are very sensitive to the non-LTE processes including the rate 10 coefficient for energy transfer between atomic oxygen and carbon dioxide because they have no 11 constraint (e.g., a measured radiance). Through such comparisons the long-standing 12 discrepancies between renderings of the key non-LTE parameters may be resolved. The relative 13 insensitivity to the large change in the rate coefficient also suggests that the dataset of cooling 14 rates can form a climate data record [National Research Council, 2004] for the thermosphere. 15
Discussion and Summary 16
We have presented 7 years of observations of the radiative cooling in the thermosphere as 17 observed by the SABER instrument on the TIMED mission. The cooling rates in W m -3 are 18 derived for emission from CO 2 at 15 μm and NO at 5.3 μm. The emissions exhibit both short and 19 long-term variations that illustrate the sensitivity of the thermosphere on time scales ranging 20 from daily to the 11 year solar cycle. The cooling by NO is substantially more variable than that 21 of CO 2 due to a greater sensitivity to temperature and to a much larger variability of NO density 22 with solar activity. Decreases in atomic oxygen between 2002 and 2008 likely contribute to the 1 observed decrease in both NO and CO 2 cooling. 2
The variability of the cooling has several fundamental consequences. First, the larger 3 equator-to-pole gradient in cooling by NO, and its variability, implies a potential link to 4 dynamics and transport as the equator-to-pole gradient in net heating drives the large-scale 5 circulation. The observed weakening of the equator-to-pole gradient in radiative cooling over 6 these seven years is a strong indication that the large-scale thermospheric dynamics have also 7
weakened. In addition, the larger cooling at the poles than at low latitudes in the thermosphere is 8 consistent with the observed cooling in the mesosphere and stratosphere, but is opposite of what 9 is observed in the troposphere. Thus the entire upper atmosphere behaves in a fundamentally 10 different manner than the troposphere with regards to radiative cooling as a function of latitude. 11
We have also shown that the cooling rates derived herein are essentially insensitive to the 12 parameters and rate coefficients used to compute the non-LTE populations of the carbon dioxide 13 molecule. This is because the retrieval algorithm must match the measured radiance, and thus 14 will produce enough excited CO 2 molecules to accomplish this, whether by increasing 15 temperature or pressure (or both) to accomplish the result. Further study on the sensitivity to the 16 carbon dioxide abundance used in the retrieval is warranted. We would expect perhaps only 17 minor sensitivity to CO 2 abundance given the relative insensitivity to a factor of 4 change in the 18 primary process responsible for cooling, and that we do not expect the CO 2 used in the SABER 19 retrieval to be off by a factor of 4. At this time we estimate the cooling rates for CO 2 emission to 20 be accurate to better than 15%. 21
In the case of NO, the assumption is that the observed emission is essentially all cooling, 22
and that the Abel inversion and correction factors applied to determine the total band emission 23 are sufficient. There are uncertainties in the derived cooling, most notably in the process used to 1 derive the full band cooling from the measured in-band emission. This correction ("unfilter") 2 factor is essentially a function of the rotational temperature of the NO vibration-rotation bands. 3
For the v1.07 SABER data we do not make a correction for the rotational temperature as a 4 function of time. As the thermosphere cools, we would expect the rotational temperature to 5 decrease and thus there is a possibility that the correction factor to generate the total cooling rates 6 would also change. If that were the case, the correction factor would in general decrease, 7
implying that the changes with solar cycle may be larger than presented above. These 8 possibilities will be investigated in future studies by the SABER science team. We also estimate 9 the cooling rates due to NO to be accurate to better than 15%. This estimate is based on the 10 accuracy of the SABER radiometric calibration (1%), the possible effects of rotational 11 temperature uncertainties (~ 10%), and on emissions that may not be properly accounted for in 12 correcting for the spectral response filter function of the SABER NO channel (~ 10%). 13
Assuming these uncertainties are uncorrelated, the root-sum-square of these is conservatively ~ 14
15%. 15
In closing we suggest that the dataset of radiative cooling of the thermosphere by NO and 16 CO 2 constitutes a first climate data record for the thermosphere. The length of the data record 17 and the apparent lack of dependence of the data products on model parameters results in an 18 accurate set of parameters that can be used to conduct fundamental tests of general circulation 19 models of the thermosphere. The cooling rates, radiative fluxes, and radiated power can all be 20 compared against model calculations. This should enable tests of model chemistry and physics 21 and in principle, resolve long-standing issues with regards to the parameterization of radiative 22 cooling in these models. As the TIMED mission continues, these data derived from SABER will 23 become important in assessing long term changes due to the increase of carbon dioxide in the 1 atmosphere. cooling rate in W m -3 ; kinetic temperature; pressure; and density), from the nominal retrieval 20 algorithm (green) and from a sensitivity test in which the quenching rate of vibrationally excited
